Populus, a deciduous tree species of major economic and ecological value, grows across the range in which trees are distributed in the Northern Hemisphere. Patterns of DNA variation are often used to identify the evolutionary forces shaping the genotypes of distinctive species lineages. Sodium/hydrogen (Na Populus species using several methods of phylogenetic analysis and functional verification. NHX and SOS1 gene families in the genus Populus have expanded from the state in their common ancestors by duplication events, and their distinct lineages have been retained. Signals of positive selection at certain amino acid sites in different members of the Na/H antiporter gene families show that the dynamics that drive the evolution of each gene vary. SOS1 has undergone duplication in Populus euphratica and been subjected to adaptive evolution in section Turanga; the paralog of PeSOS1 (PeSOS1.2) can complement the Escherichia coli mutant EP432; and the expression pattern of PeSOS1.2 is different from that of PeSOS1, a fact which may have been beneficial for P. euphratica, conferring a fitness advantage in saline habitats. The divergent evolution of the individual members of the NHX and SOS1 gene families is likely to have been influenced by the varied ecological and environmental niches occupied by the different poplar species, giving rise to evolutionary footprints that reflect the specific functions and subcellular localizations of the proteins encoded by these genes.
Introduction
The genus Populus, which consists of about 30 species, is divided into six sections, Abaso, Aigeros, Leucoides, Populus, Tacamahaca and Turanga (Eckenwalder 1996) . The fossil records clearly indicate that different lineages of Populus have existed on earth since the end of the Tertiary (Eckenwalder 1977 , Manchester et al. 1986 , Ramirez and Cevallos-Ferriz 2000 , Sun et al. 2004 . It is therefore inevitable that their divergence during evolution was influenced by the changing climate, especially during the Quaternary glacial and inter-glacial periods; geographical barrier events would also have given rise to genetic diversity caused by changes on the genomic scale (Avise 2000 , Hewitt 2000 . During the long time over which they evolved, the members of the poplar genus adapted to a variety of environments and differentiated into multiple morphologically and physiologically different species, forming a reticulate evolutionary system (Eckenwalder 1996 , Wang et al. 2014 . Nowadays, different species of Populus are important components of forests across most of the Northern Hemisphere, and they are of major economic and ecological significance. By comparing the sequences of candidate genes that are located in the same relative positions in the genomes of Populus species distributed in different environments, it will be possible to gain an increased understanding of the structures and regulation of the genes that are essential to the survival of trees in this genus, and of the different molecular mechanisms resulting from mutations in key genes, that have permitted Populus species to adapt to different ecological niches.
Soil salinity is a major factor inimical to plant productivity on the world's cultivated land. Plants have evolved mechanisms for tolerating low soil water potential and toxicity caused by saline habitats (Bohnert et al. 1995 , Blumwald et al. 2000 , Hasegawa et al. 2000 , Zhu 2003 , Horie et al. 2012 , Barkla et al. 2013 . Plant sodium/hydrogen (Na + /H + ) antiporters have been shown to play important roles in the abilities of plants to cope with increases in Na + influx and to compartmentalize Na + within appropriate cell compartments when the plants are under salt stress (Apse 1999 , Shi et al. 2000 , Bassil et al. 2011a , 2011b . The NHX and SOS1 type Na + /H + antiporter gene families are believed to be associated with salt tolerance in plants (Qiu et al. 2004) . In Arabidopsis thaliana, there are six NHX genes that have been well characterized; of these, the product of NHX1-4 is targeted to the vacuolar membrane, while the NHX5 and NHX6 gene products are located in the Golgi and transGolgi network. Detailed studies have demonstrated that members of the NHX gene family regulate pH and K + , and participate in vesicle trafficking and cell expansion activity (Venema et al. 2002 , Bassil et al. 2011a , 2011b . SOS1/AtNHX7 has been extensively studied, as it is a major candidate for conferring plant salt tolerance via the Salt-Overly-Sensitive (SOS) pathway, which includes SOS3 (a calcium-binding protein), SOS2 (a serine/ threonine protein kinase) and a SOS2 kinase/SOS3 calciumbinding protein complex, which mediates SOS1 (a Na
porter) extrusion of Na + out of the cell (Shi et al. 2000 , Qiu et al. 2002 , Quintero et al. 2011 ; and SOS1B/AtNHX8 has been implicated as a putative Li + /H + antiporter that is associated with the plasma membrane and mediates lithium (Li + ), but not Na + , tolerance in A. thaliana ). The woody plant poplar has a functionally conserved SOS pathway and NHX family genes, whose products act as Na
+

/H
+ exchangers in response to salinity stress as they do in other plants (Martinez-Atienza et al. 2007 , Ye et al. 2009 , Tang et al. 2010 . NHX and SOS1 sodium transporters both originated from a common ancestral prokaryotic gene family (Brett et al. 2005) , but the degree of expansion undergone by NHX family genes is far greater than that among SOS1 family genes (Pires et al. 2013) . Evolutionary analysis of two monovalent cation/proton exchangers from 33 different land plants showed that NHX and SOS1 type family genes have undergone purifying selection and that SOS1 has undergone neofunctionalization (Pires et al. 2013) . In addition, the convergent evolution of the SOS1 gene to confer salt tolerance in both Eutrema salsugineum and Schrenkiella parvula has been unveiled by a combination of functional and evolutionary analyses (Jarvis et al. 2014) .
It is clear that understanding the evolutionary histories of stress resistance genes and the distinct mutations present within them will provide a basis for the effective use of genetic resources (Wu and Ting 2004, Jin et al. 2012) . At the protein level, there are often signatures of positive selection in stress-related genes due to adaptive changes (Ji et al. 2012 , Xiang et al. 2013 . Previous studies of the evolution of cation/proton exchangers have covered a wide range of plants; this macro-evolutionary analysis has indicated the operation of general purifying selection under functional restriction (Brett et al. 2005 , Pires et al. 2013 , Jarvis et al. 2014 . Here, we sequenced members of two different gene families (NHX and SOS1), and compared orthologs and/or paralogs from different species and sections of the genus Populus in order to examine the micro-evolutionary patterns of salt-tolerance genes in different lineages of Populus.
Materials and methods
Plant samples, candidate gene selection and sequencing
For this study, we selected 72 individuals of 31 species from six different sections according to the classification of the genus Populus by Eckenwalder (1996) , which includes only one species in section Abaso, eight species in section Populus, nine species in section Tacamahaca, seven species in section Aigeiros, three species in section Leucoides and three species in section Turanga (see Table S1 available as Supplementary Data at Tree Physiology Online). We investigated two families of Na + /H + antiporter genes (NHX and SOS1), the first of which includes NHX1-6, and the second SOS1 and SOS1B, using the same primers and sequencing procedures as in our previous studies, in order to obtain the complete coding sequences, which ranged from 3892 to 8868 bases in length . The sequence data obtained in this study have been submitted to the GenBank databases under accession numbers MG581493-MG581686.
Identifying SOS1 duplication events in Populus euphratica
While sequencing SOS1, we found that there was a high level of heterozygosity for this gene in P. euphratica, and suspected that gene duplication had occurred. By distinguishing the duplicates from one another, we discovered a new variant of the SOS1 gene, which we named SOS1.2. To ensure accurate identification of the two genes, total RNA was extracted from fresh leaves of three ecotypes of P. euphratica (Jinbian, Ningxia and Minqing) ) using the CTAB reagent method (Chang et al. 1993) , and cDNA synthesis was carried out using oligo d(T)15 primers (Wu et al. 2007 ). We designed gene-specific primers for SOS1.2 and obtained the full-length cDNA for this gene by RT-PCR. SOS1 and SOS1.2 have high sequence identity but differ in the 5′ coding region and the 3′ region. Exon and intron boundaries were determined for the SOS1 and SOS1.2 cDNA sequences. By comparing the divergent regions, we designed gene-specific primers corresponding to the differentiated regions (see Table S2 available as Supplementary Data at Tree Physiology Online), and were thus able to clearly separate the two SOS1 genes from one another and sequence them directly.
To confirm that the SOS1 duplication is present in wild populations, we sequenced individuals from different populations of P. euphratica and Populus pruinosa using the same samples as in our previous work ). In addition, total RNA was extracted from fresh leaves of Populus alba (Populus), Populus afghanica (Aigeros), Populus purdomii (Tacamahaca) and P. pruinosa (Turanga) using the CTAB reagent method (Chang et al. 1993) , and cDNA synthesis was carried out using oligo d(T)15 primers (Wu et al. 2007 ). Gene-specific primers for SOS1 and SOS1.2 were used to test all samples, in order to ascertain whether or not SOS1.2 existed in other species.
Phylogenetic analysis and estimation of duplication events
Phylogenetic trees for the NHX and SOS1 gene families in the genus Populus were generated with MrBayes 3.1.2 using the GTR model (Huelsenbeck and Ronquist 2001) . Trees were rooted with sequences from Saccharomyces cerevisiae NHX (NC_001,136) and Physcomitrella patens SOS1 (CAM96566); these species have previously been set as common ancestors in analyses of the Na + /H + antiporter gene families (Brett et al. 2005 , Pires et al. 2013 ). The bifurcated tree suffered from Long Branch repulsion due to the inevitable presence of large numbers of indels in different Na + /H + antiporter genes resulting from the use of genomic DNA. To clearly distinguish evolutionary relationships among genes of the NHX and SOS1 families in Populus (see Table S1 available as Supplementary Data at Tree Physiology Online), we excluded sequences from Populus mexicana (Abaso), due to only three individuals being available for DNA extraction, and a large number of poor-quality sequences. In addition, topology trees obtained by maximum likelihood (ML), maximum parsimony (MP), maximum evolution (ME) and neighbor-joining (NJ) methods were aligned with PAUP* 4.10 (Swofford 2002) . Using the same 16 nucleotide loci as in our recent publication ), we constructed a species tree for the individuals in the present study (see Table S1 available as Supplementary Data at Tree Physiology Online). Estimations of the gene duplication events that had occurred in the two protein families were carried out using NOTUNG v2.9 by combining the species tree with the NHX and SOS1 gene trees (Stolzer et al. 2012) .
Positive selection analysis
One common ratio method used to test whether selection pressure is acting on the coding regions of genes is to compare the per site ratio of dN (nonsynonymous substitutions) to dS (synonymous substitutions; ω = dN/dS) (Yang et al. 2005) . ω = 1 is indicative of neutral evolution, ω < 1 is consistent with the effects of purifying selection, and ω > 1 is indicative of the effects of positive selection. The site-specific test of selection was used to identify sites evolving under positive selection in the Na + /H + antiporter family (NHX and SOS1) genes. Three pairs of models (M0 and M3; M1a and M2a; M7 and M8) were employed to compare individual sites evolving without positive selection (M0, M1a and M7) and under positive selection (M3, M2a, M8) using the Bayes empirical Bayes (BEB) approach in PAML 4.7 (Nielsen and Yang 1998) . The branch-specific and branch-site tests in PAML 4.7 were used to identify lineages that were likely to have been influenced by selection in the combined phylogenetic trees using the codeml program (Yang 1998 , Yang et al. 2005 ).
Complementation tests using PeSOS1.2 in a deficient bacterial strain
The double mutant Escherichia coli strain EP432, which has deletions in its nhaA and nhaB Na + /H + antiporter genes, was used to do complementation experiments (Ivey et al. 1993 , Padan and Schuldiner 1994 , Ottow et al. 2005 . A fragment covering the whole open reading frame of PeSOS1.2 was amplified using gene-specific primers (see Table S2 available as Supplementary Data at Tree Physiology Online), and then cloned into the SalI and XholI double restriction enzyme digestion sites of the expression vector pGEX-4T-1 (Pharmacia Biotech, Piscataway, USA). Bacterial salt stress experiments were conducted according to our previous methods (Wu et al. 2007 ).
Western blotting analysis
Calli of P. euphratica were induced from pieces of shoots and maintained in 50 ml of Murashige and Skoog (MS) medium according to our previous methods (Wu et al. 2007) . At the start of all experiments, pieces of calli were transferred into fresh MS medium containing 0 mM (control), or 100 mM or 200 mM NaCl (salt-stress treatments). The calli were harvested after cultivation for 12 and 24 h, and the level of SOS1 protein expression was analyzed by western blotting as described by Wu et al. (2007) .
Results
Phylogenetic and duplication relationships of genes of the NHX and SOS1 families A phylogenetic tree was constructed from coding sequences by means of MrBayes (Figures 1 and 2 ). For comparison, topology trees were also obtained by the maximum likelihood, maximum parsimony, maximum evolution and Neighbor-Joining methods. The trees produced by the five methods were coincident except that the bootstrap values for some nodes were different (see Table S3 available as Supplementary Data at Tree Physiology Online). The results show that the branches resolved each gene well, since the bootstrap value for each clade was greater than 88%. The members of the NHX gene family in Populus were clearly divided into six major clades, with NHX2 and NHX3 being closely related to each other and distinct from the other four (Figures 1 and 3) , and five independent duplication events could be detected for the NHX family in the genus Populus (Figure 3 ). The genes of the SOS1 family were divided into SOS1 and SOS1B clades and showed clear evidence of one duplication event (Figures 2 and 4) . Different genes had maintained their individual lineages; most of the different sections of
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Populus could be clearly divided from one another on the basis of a single gene (Figures 1 and 2 ). We did not detect any gene conversions within the Na + /H + antiporter gene family in the genus Populus. It had been unclear whether SOS1 had been duplicated solely in P. euphratica or whether the gene had been lost from other poplar species subsequent to duplication. Since we detected PeSOS1.2 as the result of a duplication event in P. euphratica and did not find any evidence for duplication events in other species (Figure 4 ), we were able to confirm that SOS1 had undergone duplication in P. euphratica.
Positive selection in two type Na
To determine whether there were signals of positive selection at certain amino acid sites in the coding region of the Na + /H + antiporter genes from different Populus species, each salt tolerance candidate gene was analyzed by means of positive selection models (Yang et al. 2005) . The results revealed different signals of selection in the genus Populus; a likelihood ratio test of eight genes showed that six of these were highly significant under site models (see Table S4 available as Supplementary Data at Tree Physiology Online). According to a BEB posterior probability test with the threshold set at >95%, there are seven sites in the SOS1 gene, one site in NHX3, four sites in NHX6, and two sites in each of the NHX5, NHX2 and SOS1B genes (see Table S4 available as Supplementary Data at Tree Physiology Online). Subsequently, the data were analyzed under branch-models with each of the different sections set in turn as a foreground branch and the others as a background branch in order to detect signals of positive selection. No signal allowing us to reject neutrality was detected among most of the genes (see Table S5 available as Supplementary Data at Tree Physiology Online); only in the lineage of the section Populus for NHX5 could a positive signal be detected (P < 0.05). Under the branch-site models, two sites in the NHX5 gene could be detected in lineages of the section Populus (P < 0.25).
SOS1 was duplicated in P. euphratica
Under our experimental conditions, all individuals from P. euphratica contained both SOS1 and SOS1.2 coding sequences ( Figures 2, 4 and 5). However, whereas four P. pruinosa individuals from the Nongyishi and Meigaiti populations encoded both SOS1 and SOS1.2, all of the other 20 P. pruinosa individuals had only SOS1 coding sequences. We suspect that the SOS1.2 gene in the Nongyishi and Meigaiti populations may have been derived from introgression from P. euphratica to P. pruinosa, due to asymmetrical gene flow between these two Populus species (Guo et al. 2013 . We extracted mRNA from different species from four Populus sections, P. alba (Populus), P. afghanica (Aigeros), P. purdomii (Tacamahaca), P. pruinosa (Turanga) and three ecotypes of P. euphratica. When we used gene-specific primers, while the primers for SOS1 worked with all test samples, the primers for the SOS1.2 gene did not give amplification in any species other than P. euphratica. We sequenced all the PCR products and confirmed each paralogous gene, thus confirming that SOS1.2 could only be detected in P. euphratica, and we therefore discontinued any investigation into SOS1.2 in the other poplar species.
SOS1 evolved under positive selection in the section Turanga
We performed branch-specific tests to determine whether positive selection acting on SOS1 had influenced evolution in the different sections of the genus Populus. When the full-length coding region was analyzed, the results of the branch-specific test were consistent with neutral evolution along all branches (see Table S5 available as Supplementary Data at Tree Physiology Online). When we selected only the Na + /H + antiporter transmembrane domain, interestingly the results showed a signature of positive selection in the branch representing the Turanga section (P < 0.005), whereas other sections still failed to reveal any signal of positive selection ( Figure 5 ). Subsequently, a branch-site test in PAML (Yang et al. 2005) was used to conduct a specific test of selection for the Na + /H + antiporter transmembrane domain of SOS1 (Table 1 ). In total, five sites in SOS1 exhibited patterns of selection (Table 2) . Specifically, in the other lineages compared with the section Turanga (Table 2) , the hydrophilic serine (S) had changed to the alkaline amino acid arginine (R) at position 345, which is located between the putative transmembrane domain VIII and IX; the hydrophilic amino acid glutamine (Q) had become the hydrophobic amino acid leucine (L) at position 361; and the hydrophobic phenylalanine (F) had changed to the hydrophilic isoleucine (I) at position 374, which is located in transmembrane domain region X (Wu et al. 2007 ). We performed branch-specific tests to determine whether positive selection had influenced the evolution of the transmembrane domain in each branch of the Turanga section. The results showed a signature of positive selection in the PeSOS1 gene in Figure 2 . Phylogenies of SOS1 Na + /H + antiporter family genes based on coding sequences in the genus Populus. Physcomitrella patens SOS1 was used as outgroup. Bayesian inference bootstrap values from 1000 replicates are shown as percentages at each gene node.
Tree Physiology Online at http://www.treephys.oxfordjournals.org P. euphratica (P < 0.05, ω 6 ≫ 1), and purifying selection (P < 0.05, ω 7 = 0.07) in this gene in P. pruinosa, while the transmembrane domains of the SOS1 gene in Populus ilicifolia and the SOS1 paralog in P. euphratica (PeSOS1.2) did not reveal any signal of positive selection ( Figure 5 ). In total, three amino acid sites, F (246), V (370) and E (383), in PeSOS1 exhibited positive selection signals compared with other orthologs/paralogs in which these amino acids were V (246), A (370) and D (383), respectively (Table 3) .
Recovery of a salt-sensitive E. coli mutant after complementation with PeSOS1.2
To assess the ability of PeSOS1.2 function as a Na transporter, the cDNA was subcloned into an expression vector (pGEX-4T-1) and expressed as a recombinant protein in the salt-sensitive E. coli strain EP432, which has mutations in the two main bacterial Na + /H + antiporters, EcNhaA and EcNhaB (Ivey et al. 1993, Padan and Schuldiner 1994) . Cells transformed with the empty vector pGEX-4T-1 did not grow in LBK medium supplemented with 200 mM NaCl. In contrast, the recombinant strain expressing the PeSOS1.2 gene continued to grow when stressed with 200 mM NaCl LBK medium, with cultures growing to optical densities~60% of those in the absence of salt stress after 16 h ( Figure 6 ). These results demonstrated that PeSOS1.2 from P. euphratica can carry out the function of a Na + /H + antiporter and provide salt stress protection for E. coli strain EP432.
The difference in expression between PeSOS1 and PeSOS1.2 in response to salt stress in P. euphratica
The levels of the PeSOS1 and PeSOS1.2 proteins in P. euphratica were increased by, and differentially responsive to, salt stress ( Figure 7 ). In our previous study, we used 200 mM NaCl to stress P. euphratica, and were unable to detect another band that would indicate two paralogs of PeSOS1 (Wu et al. 2007) . In this study, we added an intermediate salt solution treatment (100 mM NaCl) to detect expression patterns. The level of expression of PeSOS1.2 was higher under salt stress (100 mM NaCl) than in control plants after 24 h. In addition, the expression level was very different between PeSOS1 and PeSOS1.2 under high salt stress (200 mM NaCl). PeSOS1 was induced and highly expressed after 24 h of salt stress (200 mM NaCl). PeSOS1.2 was only induced under moderate salt stress (100 mM NaCl); interestingly, the PeSOS1.2 protein was not detectable under high salt stress (200 mM NaCl) after 24 h. When PeSOS1.2 was expressed in E. coli (Figure 6 ) it showed the same ability to rescue the growth of E. coli strain EP432 as did its paralog PeSOS1 (work described in Wu et al. 2007 ). Tree Physiology Online at http://www.treephys.oxfordjournals.org Divergent evolution footprints in NHX and SOS1 819
Thus, PeSOS1.2 is conditionally regulated since it is suppressed by 200 mM NaCl whereas PeSOS1 is continuously induced and expressed at a higher level under 200 mM NaCl stress in P. euphratica.
Discussion
Different genes have distinct lineages in the Populus phylogeny Na + /H + antiporters have been found to occur in the form of gene families in many plants (Brett et al. 2005 , Pardo et al. 2006 , Ye et al. 2009 . A gene family consists of two or more copies of a gene that have arisen through gene duplication events or in the course of genome evolution (Vision et al. 2000 , Yu et al. 2005 , Tuskan et al. 2006 . NHX and SOS1 gene families existed in the common ancestor of modern plants (Brett et al. 2005) . In this study, the Populus NHX family was found to contain six genes (NHX1-6) and the SOS1 family to contain two genes (SOS1 and SOS1B) (Bassil et al. 2011a , 2011b , Jarvis et al. 2014 . The relationships among members of a gene family can be clarified through phylogenetic tree construction. The NHX gene family has been expanded repeatedly from the ancestral state and the genetic lineages of the family members have been maintained in Populus. The genetic relationship between SOS1 and SOS1B is also a result of duplication events. Our results showed that different paralogs of the Na + /H + antiporter gene family form clear subclades.
According to motifs present in orthologs that have been identified in A. thaliana and other species, the Populus proteins NHX1-5 (Wu et al. 2007 ). *P < 0.05. (Wu et al. 2007 ). *P < 0.05, **P < 0.01. . Western blotting analysis of SOS1 expression in control and salt-stressed Populus euphratica. Protein was extracted from P. euphratica calli treated with 100 mM or 200 mM NaCl for 24 h and incubated with polyclonal PeSOS1 antibody (Wu et al. 2007 ).
Tree Physiology Volume 38, 2018 are predicted to be targeted to the vacuolar membrane and NHX6 is localized to the Golgi and the trans-Golgi network; the protein products of the SOS1 and SOS1B (also known as NHX8) are located in the plasma membrane (Shi et al. 2000 , Wu et al. 2007 , Ye et al. 2009 , Bassil et al. 2011a , 2011b . A previous study based on chloroplast and nuclear DNA sequences revealed that many Populus species are of hybrid origin (Wang et al. 2014) . Moreover, the different poplar species have resulted from reticulate evolution, probably because of low reproductive barriers and rapid adaptive differentiation between species in response to different environments. NHX and SOS1 genes obtained from 30 different poplar tree species reveal did not reveal the existence of any conversion within Na + /H + antiporter family genes in this genus. (Greenway and Munns 1980 , Bohnert et al. 1995 , Blumwald et al. 2000 , Zhu 2003 , Munns and Tester 2008 , Flowers et al. 2010 , Barkla et al. 2013 . During its evolution, the genus Populus has experienced large-scale environmental as well as distributional changes. Nowadays, different poplar species still occupy different ecological and environment niches, making the genus an ideal model in which to reveal the footprints of lineage evolution. For most genes, positive selection only affects a few sites in any given lineage (Yang 1998 . In a previous study conducted in Brassica, NHX-type genes did not exhibit any signal of selection (Jarvis et al. 2014 ). Molecular analysis of NHX-and SOS1-type gene families as affected by the process of evolution in 33 plant species showed that the two types of exchanger have different evolutionary histories; NHX-and SOS1-type genes, whose protein products have specific localizations important to their functions, have undergone purifying selection, with the exception of SOS1 itself, which has experienced neofunctionalization (Pires et al. 2013) . The amino acid sites that are subject to selection pressure are not uniform in different candidate genes in the genus Populus; the NHX1 and NHX4 genes have no such sites, NHX2 and NHX5 have two sites each, the NHX3 gene has one site, NHX6 has four sites, SOS1B has two sites and SOS1 has seven sites, differences that may have resulted from the varying cellular locations and functions of the proteins, which have also been shown to have different patterns of expression (Ye et al. 2009 , Wu 2010 . Based on the full-length coding regions, NHX5 only gave a significantly positive (P < 0.05) signal in the section Populus under the branch model, while there was no positive signal under the branch-site model (P < 0.25). There is strong evidence of positive selection acting on the SOS1 gene, as estimated by PAML (Yang et al. 2005) under the branchspecific model (P < 0.005), for the transmembrane domain in section Turanga, and branch-site methods detected footprints of positive selection in five sites in the SOS1 protein (P < 0.05); two of these 'spots' are located in the Na + /H + antiporter transmembrane domain X and have undergone changes in amino acid polarity. The essential factors leading to the development of resistance to stress lie in the instability of the organism's environment (Darwin 1859) , which affects selective pressure in such a way as to change gene frequency, promote variation in gene frequency and establish new gene pools. The majority of gene loci are constrained by the importance of protein function during evolution, but a few changes at key sites may lead to major changes in function , Xiang et al. 2013 ). SOS1 family genes are responsible for a resistance mechanism mediated by the SOS pathway (Qiu et al. 2002 . Our results clearly show that only SOS1 genes from trees belonging to the section Turanga, which includes P. euphratica, P. pruinosa and P. ilicifolia, all of which are naturally distributed in desert environments (Eckenwalder 1996 , Wang et al. 2011 , Mutegi et al. 2016 Duplication of SOS1 in P. euphratica and its potential involvement in salt tolerance Ancient genome duplication events have been inferred for several different plant species (e.g., Vision et al. 2000 , Yu et al. 2005 , Tuskan et al. 2006 , Schranz et al. 2012 , Vanneste et al. 2014 , Li et al. 2016 . SOS1 and SOS1B evolved under positive selection after a whole-genome duplication event that took place before the radiation of the Brassicaceae (Beilstein et al. 2010 , Jarvis et al. 2014 . Pires et al. (2013) found that in land plants, SOS1 gene duplicates (SOS1 and SOS1B) experienced relaxed selection. Previous results have indicated that SOS1 exists as a single copy gene in the A. thaliana, E. salsugineum and S. parvula genomes (Jarvis et al. 2014 ). When we searched the Populus trichocarpa genome, we found only one copy of the SOS1 gene (Tuskan et al. 2006) , and gene-specific primers were unable to amplify SOS1.2 orthologs from other poplar species (P. afghanica, P. purdomii, P. alba and P. pruinosa); it was previously unclear whether gene loss had occurred in Populus species other than P. euphratica since the last whole-genome duplication. The results presented here provide proof that SOS1 has been duplicated, resulting in two copies in P. euphratica. The classical outcomes
Tree Physiology Online at http://www.treephys.oxfordjournals.org of gene duplication are classified according to Ohno's theoretical models as neofunction, subfunction and pseudogene (Ohno 1970) . Our complementation experiments clearly show that the duplicated genes retain the Na transport function as supported by the results of the E. coli mutant complementation experiment. In addition, comparing the present results with the findings of our previous study, the two gene copies have different protein accumulation profiles in response to NaCl treatments (Wu et al. 2007 ). An important means of adaptation is differential evolution following gene duplication under various environmental conditions (Hughes 2002 , Shahzad et al. 2010 , Fischer et al. 2011 , Kondrashov 2012 , Schranz et al. 2012 , Vanneste et al. 2014 . Comparisons between PeSOS1 and other orthologs/paralogs show that three sites have undergone mutations. These sites are located in the Na + /H + antiporter transmembrane domain and have not undergone changes in amino acid polarity, but they still made the PeSOS1 branch yield a significantly positive signal under the branch-specific test. The results are consistent with PeSOS1 showing significantly positive selection coefficients in mkprf tests (γ = 1.169, P = 0.018), and neutrality can be rejected because of the high level of amino acid replacements in P. euphratica . Whether these mutations have resulted in paralogs of the SOS1 gene having different expression patterns in P. euphratica, and whether the amino acid changes that were detected as being under positive selection acting on the coding sequence contribute to salt tolerance in the section Turanga, are questions that will need future experimental verification, but these were beyond the scope of this study. However, duplication of the SOS1 gene, a member of the plasma Na + /H + antiporter gene family, followed by differential evolution, may have been beneficial to P. euphratica by giving it a fitness advantage in saline habitats. The present study also provides important clues that may improve our understanding of how the SOS1 gene confers salt tolerance in different plant species.
Supplementary Data
Supplementary Data for this article are available at Tree Physiology Online
